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Abstract— The main objectives of a load sharing control in 
dc power systems are proper power sharing among dc sources 
with an acceptable voltage regulation through the grid. Virtual 
resistor based droop methods also called voltage droop methods 
have low performance and accuracy. Hence, supervisory 
controllers reinforced by a communication system are required 
to improve the effectiveness of the voltage droop methods. 
Furthermore, frequency droop approaches have been presented 
for accurate load sharing control in dc power systems without 
utilizing a communication system. However, the ripples are 
superimposed on voltage and current waveforms affecting 
overall system efficiency and power quality. This paper proposes 
an Enhanced Frequency Droop Method (EFDM) to overcome 
the main drawbacks of the frequency droop approaches by 
stopping voltage superimposing at steady state. Preliminary 
simulation results show the effectiveness of the proposed 
approach. 
 
Keywords— DC power system, Droop Method, Frequency 
Injection, Frequency Droop, Power Sharing. 
I.  INTRODUCTION 
Low Voltage DC (LVDC) power systems, also called dc 
microgrids have become more popular in the last decades due 
to the advances in the power electronics as well as due to the 
importance of the energy security and efficiency. Both AC 
and DC microgrids encounter with the control, stability, 
operation, and protection issues since almost all dc sources 
are connected to the grid through power converters [1]–[5]. In 
order to control and operate dc power systems, a suitable 
power management system is required. The main objectives 
of the power management system are to properly share the 
load power  among the converters and keep the voltage of the 
grid close to the rated value.   
A hierarchical power management system has been 
presented in three levels including primary, secondary, and 
tertiary controllers [6]–[11]. A simple, but more reliable droop 
method is presented to appropriately control the load sharing 
among parallel dc sources. In this approach, the converters 
are using the voltage of common bus and the line resistances 
are usually neglected [11]–[14]. Therefore, with a small virtual 
resistor, an accurate load sharing can be achieved. However, 
considering the effect of line resistance, large virtual resistors 
are required in order to carry out the appropriate load sharing. 
However, the large virtual resistors cause large voltage 
variation within the microgrid, which usually are regulated by 
utilizing a secondary controller reinforced by a 
communication system [6], [8], [10], [15].  
Employing communication links in the control system 
may affect the overall system reliability and stability.  Hence 
some approaches have been presented to carry out the power 
management objectives without utilizing any physical 
communication system  [4], [16]–[21].  
In [16], where a power sharing method based on frequency 
encoding of the output current of dc sources has been 
presented which requires no communication system. In 
another technique, in [17], dc sources “talk” to each other by 
modulating their respective power levels without using 
communication system. This approach is however prone to 
grid parameter changes. Furthermore, the bandwidth of the 
control system is low, hence it is only suitable for tertiary 
level. A frequency-based load sharing approach presented in 
[18] and [19], and reapplied to dc systems in [20], using the 
same principles of droop controller, while meeting some 
fundamental issues discussed in [22].  
The frequency droop approach for dc power systems, 
named as Synchronverter-Enabled DC Power Sharing 
Approach (SEDCPSA), is presented in [4] employing the 
same principles of the load sharing among synchronous 
generators. SEDCPSA imposes ac ripples on the voltage and 
current of converters. To reduce the current ripples as well as 
improving the dynamic stability of the frequency droop 
method, the modified frequency droop approach is further 
presented in [21]. However, the voltage and current ripples 
still remain even though the modified approach is employed, 
which may affect the system efficiency and power quality.   
In order to overcome the aforementioned issues (lower 
efficiency and power quality due to the superimposed voltage 
and current ripples), an Enhanced Frequency Droop Method 
(EFDM) is proposed in this paper. The concept of the 
frequency droop approach is similar to the modified 
frequency droop presented in [21], where each converter 
superimposes a small ac voltage to the dc voltage with a 
frequency proportional to the corresponding output current. 
Hence, the converters can be coordinated together like the 
droop-controlled synchronous generators in the conventional 
power systems.  Meanwhile, the EFDM proposes to stop the 
ac voltage injection at the steady state condition. Therefore, 
employing the EFDM not only insures proper power sharing 
but also eliminates the voltage and current ripples at steady 
state, which results in improved efficiency and power quality 
in the system.   
The remaining part of this paper is organized as follows. 
Section II explains the detailed control system of frequency 
droop approach, and the proposed EFDM is presented in 
Section III. The preliminary simulation results validating the 
performance of the control system are given in Section IV, 
further simulations and efficiency evaluation will be given in 
the final version. Finally Section V summarizes the 
achievements.  
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Fig. 1.  Simplified dc grid with two converters and a localized load.  
 
Fig. 2.  Block diagram of the modified frequency droop control, (a) Enhanced 
Frequency Droop Controller, and (b) inner controllers and virtual resistor 
[21]. 
II.  MODIFIED FREQUENCY DROOP METHOD  
The modified frequency droop control approach has been 
presented in [21]. Here, the approach is explained for a 
simplified dc system shown in Fig. 1, where two dc-sources 
connected to a load through dc-dc converters. The modified 
control system for each converter is shown in Fig. 2 and 
explained in the following. 
To ensure appropriate load sharing between converters, a 
small ac voltage is added to the output dc voltage of each 
converter. The frequency of the ac voltage of each converter 
is proportional to the corresponding output current (/power), 
which can be defined as: 
 
*
fk k okf df i   , (1) 
where f* and fk are the nominal and injected frequency, iok is 
the output current and dfk is the frequency droop coefficient, 
and k denotes the kth converter. The superimposed ac voltage 
causes ac current flow through the grid which is proportional 
to the phase angle (φk) of the ac voltages as well as the line 
impedances. According to Fig. 2 (a), the phase angle of the ac 
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Considering the constant ac voltage amplitude (i.e., A), 
and the line impedances to be negligible in comparison to the 
load impedance, the ac current flowing between the two 
converters o1i  and o2i  can be found as: 
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Selecting the ac voltage frequency to be around 50 Hz, the 
line reactance can be neglected [23]. Hence, the ac currents 
can be simplified as: 
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Fig. 3.  Electrical equivalent model of the simplified dc grid with two DGs 
and a localized load. 
According to (4), the ac currents are proportional to 
voltage phase angles and inversely proportional to the line 
resistances. Furthermore, following (1), phase angles are 
proportional to the output currents. Therefore, the ac currents 
can be employed to make a communication between the 
converters like frequency droop principles in ac systems. As 
a result, considering same frequencies for the converters at 
steady state, the ratio of the output current of the converters 









  .  (5) 
 
Therefore, the output currents of the converters can be shared 
inversely proportional to the droop coefficients. This concept 
has basically been used in droop controlled synchronous 
generators, where the real power of generators can be 
controlled by employing a common frequency of the grid. 
Here, in the dc grid, to reach a same frequency for the 
converters, it is required to control an ac power. Meanwhile, 
in LV power systems, the reactive power is proportional to 
the frequency [23]–[25]. Hence, the reactive power shared 
between the converters can be used to reach the same 
frequency in the grid.  
The ac reactive power is proportional to the ac currents 
and hence the phase angles. Furthermore, the phase angles are 
related to the dc currents, which can also be controlled by the 
dc voltages. Therefore, adjusting the dc voltages based on the 
reactive power can control the output dc current. Therefore, 
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where dqk is the voltage coupling coefficient, and G(s) is a 
first order low pass. Also, Rdk denotes the conventional droop 







  , (7) 
where ΔV is the allowable dc voltage variation, and In,k is the 
nominal current of the kth converter. Therefore, the 
relationship between the output current of converters (I1, I2) 
at the steady state can be found as: 
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* *
dkok okv V R i  , (10) 
where dkR is the resultant virtual resistor of kth converter, and 
it can be adapted based on corresponding loading conditions 
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The steady state electrical model of the system can be 
represented as shown in Fig. 3. The system model contains 
conventional droop coefficient (virtual resistor), adaptive 
droop gain, and line resistor. From the electric circuit theory, 
the internal voltage of converters denoted by Ek in Fig. 3, can 
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Based on (8), the voltage drops on the virtual resistors 
(Rd1,Rd2) at the steady state are equal, and hence, following 
(13), the internal voltage of both converters are the same. 
Therefore, it can be estimated and controlled by the secondary 
regulator. By measuring the output voltage (vok) and 
calculating the correction term (δr,k), the internal voltage (Ek) 
can be found as:  
 k ok r ,kE v   . (14) 
Therefore, the secondary correction term (δv,k) can be 
generated by a PI controller (Gsec(s)) to regulate the internal 
voltage at the reference value as: 
 
*
v,k k sec(V E )G (s)   . (15) 
According to Fig. 2, the reference voltage of the kth 
converter can be calculated as: 
 
* *
ok v,k r ,k dk okv V R i     . (16) 
Considering the fast dynamic response for the internal 
voltage and current control loops in comparison to the 
secondary layer, the output voltage of the converter can 
properly track the reference value, and hence, 
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Considering a PI regulator for secondary controller (Gsec(s)), 
the term 1/(1+Gsec(s)) in (17), is vary small at steady state. 
Hence, the secondary controller employing the local voltage 
and current information can compensate the voltage drop on 
the virtual resistor.  
III.  PROPOSED ENHANCED FREQUENCY DROOP METHOD 
(EFDM) 
The proposed control system called EFDM, is shown in 
Fig. 4. The basic concept of the control approach is similar to 
the modified droop control discussed in Section II. Once the 
power sharing objectives are achieved, and the voltage and 
current waveforms are settled at the steady state value, the 
control system stops superimposing the ac voltage and latches 
the steady state value of δr,k. Therefore, the converters can 
properly operate in parallel to support the load. However, a 
value of δr,k is associated with a specified load. Hence, when 
the load is changed a new value of δr,k should be obtained. 
Connecting or disconnecting a load will change the voltage 
of the system for a short time before accomplishing the 
secondary voltage regulation. Therefore, whenever there is a 
change in the converter output, the frequency droop control 
system will be re-activated to calculate the new δr,k.  





















and hence, the ac voltage is superimposed to the dc voltage. 
Whenever the output voltage okv  variation goes higher than 
of 2% of the latest corresponding steady state value 
ok
ssv , the 
value of m changes to one. Meanwhile, frequency droop 
controller properly controls the load sharing and voltage 
regulation by means of frequency droop principle as 
 
Fig. 4.  Block diagram of the proposed control system, (a) Enhanced Frequency Droop Controller, and (b) inner controllers and virtual resistor. 
 
 
explained in Section II. When the voltage and current values 
are settled at a steady state value, the term m changes to “0”. 
Once m equals to zero, the block “latch” in Fig. 4 keeps the 
last value of δr,k.  
Employing the EFDM, the voltage and current ripples will 
be removed at the steady state, hence the efficiency and 
power quality of the system is increased, and the proper load 
sharing and voltage regulation can be achieved without using 
any physical communication links.  
IV.  SIMULATION RESULTS 
In order to demonstrate the viability of the proposed 
approach, a simplified microgrid with two boost converters, 
like the one shown in Fig. 1 is considered. The control and 
converter parameters are given in Table I.  
The simulation results are shown in Fig. 5 and Fig. 6 for 
frequency droop method and EFDM, respectively. Load 
change is considered as a disturbance occurred at t1 and the 
performance of the proposed control system is compared to 
the frequency droop presented in [21]. As shown in Fig. 5(a), 
the load is suitably shared among the converters. 
Furthermore, the output voltage of converters are regulated 
close to the reference value 400 V. Hence, the frequency 
droop control [21] can properly carry out the load sharing and 
voltage regulation in the dc microgrid. However, as it can be 
seen in these results, both the voltage and current waveforms 
have ripples at steady state, which can affect the efficiency 
and power quality of the microgrid.  
Employing the proposed EFDM can appropriately fulfill 
the power management objectives including load sharing and 
voltage regulation as shown in Fig. 6(a) and (b) respectively 
like the frequency droop approach presented in [21]. The 
system is operating with a 1.6 KW load. At t1 another 1.6 KW 
load is connected to the system. when the voltage drops under 
the threshold value i.e., 98% of previous steady state value, 
the converters start to inject an ac voltage. The load sharing 
is properly carried out and once the voltages and currents 
reach the steady state value, the signal injection is stopped. 
Therefore, at the steady state, the current and voltage 
waveforms are ripple-free without affecting the load sharing 
performance. As a result, the power quality and efficiency of 
the system can be improved in comparison to the frequency 
droop methods. In the final version, more simulations and 
efficiency analysis will be provided. 
 
 
TABLE I: SPECIFICATIONS OF THE SIMULATED DC GRID AND CONTROL 
SYSTEM 
Definition Symbol Value 
Injected frequency f* (Hz) 50 
Frequency-current droop df1,df2 (Hz/A) 0.3, 0.3 
Virtual Resistor Rv (Ω) 5 
Superimposed ac voltage A (V) 2.5 
Voltage-power coupling dq (V/VAR) 25 
DC link voltage Vdc (V) 400 
Inner controllers 
Voltage controller 0.45 + 20 /s 
Current controller 0.05 + 2/s 
Secondary regulator Voltage regulator 0.88 + 8.6/s 
Load Pload (kW) 2 × 1.6 
Impedance of line 1 r1(Ω)+jL1(μH) 1+j180 
Impedance of line 2 r2(Ω)+jL2(μH) 2+j280 
Converter Parameters 
Ldc (mH) 2 






























Fig. 5.  Simulation results of Case I: Frequency Droop Method, (a) output 


































Fig. 6.  Simulation results of Case II: Enhanced Frequency Droop Method, 
(a) output currents of converters, (b) output voltages of converters. 
V.  CONCLUSION 
This paper presents an Enhanced Frequency Droop 
Method (EFDM) for power sharing control in LVDC power 
systems. Frequency droop methods superimpose small 
ripples on output voltages and currents of converters and 
improve the power sharing and voltage regulation accuracy 
in LVDC power systems without utilizing any physical 
communication links among converters. However, it 
deteriorates the power quality and efficiency of the system. 
In order to overcome the mentioned issues, the proposed 
EFDM improves the system efficiency and power quality by 
 
 
stopping the signal injection after transients. Simulation 
results show the effectiveness of the proposed approach. 
Therefore, the EFDM can accurately control the power 
sharing among the converters and regulates the voltages close 
to the nominal value without utilizing any communication 
links – which affects the reliability – as well as improve the 
performance of the frequency droop approach. As a result, the 
overall system efficiency, power quality, and reliability can 
be improved. Further simulations will be provided in the final 
version. 
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